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ching with Helicity Amplitudes Examples Conclusions

Experiment: Theory:

» Fixed-order calculations suitable for inclusive measurements
» Jet selection cuts require more detailed description of final state
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Example: Higgs Couplings

CMS Preliminary Vs=7TeV,L<51f" Vs=8TeV,L<12.2fb"

L SM Higgs @ Fermiophobic 4 Bkg. only

Assume universal rescaling of:
» vector couplings kv
» fermion couplings k¢

N

3

X (scaling of fermion couplings)

Several channels involve jet selection cuts:
» H — WW — Lvlv requires jet veto
to remove tt — W Wbb background

» H — 71 most sensitive to
vector boson fusion (2 jet selection)

0.5 1 1.5
Ky (scaling of vector boson couplings)

2/33
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Exclusive Measurements

v

Hard process is accompanied by
» Collinear ISR and collinear FSR
> (underlying event)
Hadronization effects
Physics at multiple scales: pi5' >> p¥° > Aqcp, - - -
May be described/modeled by Monte Carlo [Mc@NLO, POWHEG]

vvyy

3/33
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Multi-Scale Cross Section

Cross section contains logarithms: L = In(p®!/+/3)
» Important when cut on hadronic final state p®! < hard scale v/3

Terms in the cross section

o = 0o{1l + aule12L? + c11L + 10 + na (p™)]

_l’_
+ a®[e36 L8 + 35 L% + c3aL* + c33L® + c32L? + ... ]
+ 4+ L+ 4 i

Different calculations:
» Fixed order: LO, NLO, e

4/33
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Multi-Scale Cross Section

Cross section contains logarithms: L = In(p®!/+/3)
» Important when cut on hadronic final state p®! < hard scale v/3

Terms in the cross section

o = oo{l + asfci2L? + c11L + 10 + na (p°)]
+ a?[caal* + e23L® + c22L? + ca1L + c20 + na2(p™)]
+ a?[e36 L° + e35L° + c3aL* + c33L® + c32L? + ... ]
+ 0+ i T
Different calculations:

» Fixed order: LO, NLO, NNLO, ...
» Monte Carlo: Parton-shower, MC@NLO
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Multi-Scale Cross Section

Cross section contains logarithms: L = In(p®!/+/3)
» Important when cut on hadronic final state p®! < hard scale v/3

Terms in the cross section

o =o0o{l + asfci2L? + c11 L + na (p*™)]
+ a§[024L4 + co3 L3 + c20 + n2(p™)]
+ a®[cs6L® + c35L° +c32L% +...]
+ 4+ 4 + 4+

Different calculations:
» Fixed order: LO, NLO, NNLO, ...
» Monte Carlo: Parton-shower, MC@NLO
» Resummed: LL, NLL, s
SCET focuses on the numerically important singular contributions
» Nonsingular n;(p®!) from fixed-order calculation

4/33
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1 T T T T
gg — H, my =125 GeV "
}pp. 8 TeV
my /4 <, Q<my, schemes a,b,c

S(pt,veto)

5(pt,veto) / Ecemral(pt,veto)

0.8

0.9
0.8

MSTW2008 NNLO PDFs

anti-k, R = 0.5
Pythia partons, Perugia 2011 tu

NNLO

NLL+NNLO

NNLL+NNLO

POWHEG + Pythia
1 1

S|
§
S

20

30 50 70
Ptveto [GeV]

100

[Banfi, Monni, Salam, Zanderighi]

» Resummation improves prediction for pr veto K mp
» Cross section for pr,veto ~ m g given by fixed-order

5/33
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Other Resummation Examples

Giluino production Subjettiness 121

20

N3LL Calculation
—— Q=0GeV
***** Q=50 GeV
-==- Q=100 GeV
—— = Q=200GeV
Q =400 GeV
= Q = 1000 GeV

F 600 ) s<‘m m‘m 12‘00 14‘00 16‘00 |s‘no zdm MiGeV] L
0.00 0.02 0.04 0.06 0.08 0.10 0.12
21
[Falgari, Schwinn, Wever] [Feige, Schwartz, Stewart, Thaler]
» K-factor enhancement from » Two-subjets in boosted
threshold resummation Z — qq jet of energy Q
> L =In(1 — 4M2/3) » L=In7y

6/33
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Hadronization Effects

Jet mass in pp — Z—+jet Track-based jet mass

Z+jet, R=0.6, pr; > 200 GeV

FT R L S |
) NTESEg i e L ooy 003l —Track function
2 Hpsy'?ﬁ'a"SmEE 5:5:22:::;;32 — : _ - Pythiahadr.
* ’ 1 do 0.02F o pp—H+j, anti-kr, R=1.0
g —— [ v 300<p? <400 GeV, [n]<2 ]
3 o drm L “’ 4
ER 0.01F ]
‘ E ]
OOO i coeoc b e b e e
2 0 20 40 60 80 100
% 0.05 0.1 0.15 0.2 0.25 03 m; [GeV]
E=mylpry
[Dasgupta, Khelifa-Kerfa, Marzani, Spannowsky] [Chang, Procura, Thaler, WW]
» Hadronization shifts: » Conversion to charged particles
m% — m?% —aRpr; described by track functions

with a ~ 2 GeV

7/33
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Goal

» Powerful methods for calculating helicity amplitudes analytically and
numerically exist. Used in various programs [MCFM, Rocket, BlackHat, . .. ]

» We incorporate helicity amplitudes in Soft-Collinear Effective Theory
using a helicity operator basis compatible with

» Standard color structures
» Discrete symmetries
» Crossing symmetry

» Our paper will illustrate ease of use with explicit LO and NLO results for:
» pp > W/Z/v+0,1,2jets
» pp > H 4+ 0,1,2 jets
» pp — 2,3 jets

8/33



Introduction Resumming Jet Cross Sections in SCET Matching with Helicity Amplitudes Examples Conclusions
00000000 0000000 00000000 000000000 o

Resumming Jet Cross Sections in SCET J
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Soft-Collinear Effective Theory (SCET)

[Bauer, Fleming, Luke, Pirjol, Stewart]
Effective theory of QCD describing what happens before/after hard interaction

£ Jet ’/'/i////
) V)

Soft Low-energy particles without
preferred direction

Collinear Energetic jets along incoming
and outgoing directions

9/33
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Soft-Collinear Effective Theory (SCET)

[Bauer, Fleming, Luke, Pirjol, Stewart]

Effective theory of QCD describing what happens before/after hard interaction

£ Jet /)y

Low-energy particles without
preferred direction

Collinear Energetic jets along incoming
and outgoing directions

Advantages of SCET

» Systematic power counting, expansion in soft and collinear limits and
gauge invariance manifest at the Lagrangian level

» Operator definitions of soft and collinear contributions
» “Nonsingular” corrections can be included systematically

9/33
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Example: pp — W 4+ 2 jets

QCD
» Real and virtual corrections
» IR divergences cancel after costly phase-space integration

10/33
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Example: pp — W 4+ 2 jets

QCD
» Real and virtual corrections
» IR divergences cancel after costly phase-space integration

SCET
» Match QCD onto SCET: partons correspond to energetic jets

Conclusions
[e]
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Example: pp — W 4+ 2 jets

\Yo 9V,
uoug‘@,‘gu

QCD
» Real and virtual corrections
» IR divergences cancel after costly phase-space integration

SCET
» Match QCD onto SCET: partons correspond to energetic jets
» Only (IR finite part of) virtual QCD corrections
» Real radiation described by collinear and degrees of freedom

Conclusions

[e]

10/33
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Factorization for Exclusive Jet Cross Sections

Y / A
¢ H—1pn
Ji —1—1g
Iu,b ——HUB
Jet |\ Sfap —1—Aqcp

Contributions at different energy scales:
do = hard interaction ® PDFs ® ISR ® FSR ®

N
(.fa,b ®Ia,b) X H J]:| ®

i=1

do = Hpn X

SCET allows us to derive factorized cross section
» Each function has a precise definition in the effective field theory

» RG evolution between scales resums logarithms of ratios of scales
11/33
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SCET Ingredients

N
dony = Hy X BaXBbXHJJ‘:|®

j=1

Beam, jet, functions:

» Contain virtual and integral over real radiation in collinear or soft limit
(each function is separately IR finite)

» Depend on jet definition/observable
» Beam and jet function depend on parton type and energy
» Soft function depends on color representation and direction of all partons

12/33
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SCET Ingredients

N
BabixH.Ij} ®

j=1

dony = Hy X

Beam, jet, functions:

» Contain virtual and integral over real radiation in collinear or soft limit
(each function is separately IR finite)

» Depend on jet definition/observable
» Beam and jet function depend on parton type and energy
» Soft function depends on color representation and direction of all partons

Hard function
» Contains hard virtual corrections
» Independent of observable and precise form of factorization theorem

» Depends on process and hard kinematics

(hard = away from singular limits)
12/33
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N-Jettiness Event Shape

[Stewart, FT, Waalewijn]

2a., - 2a - 20+ « 205+ 2 *Di
TN:Zmin{ 4o Pk 2Qp°Pr 2q1°Pr 2q2°Dk quk}

- Qs Qv Q1 Q77 Qn

=To+ T+ Ty + o+ T

> qap, g;: light-like reference directions
from overall minimization
(or other jet algorithm like anti-k1)

> Q. Q;: determine distance measure
of particle k to beam and jet directions

9a

» Divides phase space into
N jet regions and 2 beam regions

13/33
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N-Jettiness Event Shape

[Stewart, FT, Waalewijn]

24, 2qu-Pr 2G1-DPi 202 20N - D
TN:Zmin{ 4o Pk 2Qp°Pr 2q1°Pr 2q2°Dk quk}

. Q. ' Q Q@ Q 7 Qn

=T +To+Ta+--+T7

> qap, g;: light-like reference directions '
from overall minimization
(or other jet algorithm like anti-k1)

> Qa,p, Q;: determine distance measure

db
of particle k to beam and jet directions l

» Divides phase space into
N jet regions and 2 beam regions

» Jetmass m? = Q; T},

W /Z/,, 72
For small Ty < Q final state contains exactly IV jets (+2 ISR jets)

(Generalization of thrust for ete~ — 2 jets to pp — N jets) 1553
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N-Jettiness Jets
. [24a'Pr 29v°Pr 2q1°Pr 292Dk 29N Pk
T~n = E min ’ ’ ’ PR
Qa Qo Q1 Q2 QN

k
=T +TR+Ta+ - +Tx

W
™

[ R AREE R R RS E ]

SH S

< n ! < I
-1 @ 1 1T

—2F

[ — geometric E ] — geometric R=1

2}—geomaricp7/\ E F---- anti-kr .9 \. e,
g + ] i ‘ ;
1t \/ ] I R d i
0— - F : _-._»' 4

= N T ‘m"m Ll
-4 -3 -2-10 1 2 3

n
Q; = E; or Q; = prj Q; = p(R,n;)E; to have
same jet area as anti-kr

|
B
b
wr
1B
NF
1B
Ll

= of
iR
N
w
INE]

» Can change this to make jet area circular as in anti-k [Thaler, Tilburg]
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Resummation for IN-Jettiness

N-jettiness is theoretically ideal exclusive IN-jet algorithm
» Factorization and resummation is known analytically [stewart, Tackmann, Ww]

dO'N

N
ﬁ=HN>< B, x By x [[ J;| ®

j=1
» Ingredients for NNLL+NLO resummation are available:

» Inclusive quark and gluon jet functions are known even to NNLO
[Becher, Neubert; Becher, Bell]

» Inclusive quark and gluon beam functions
[Fleming, Leibovich, Mehen; Stewart, Tackmann, WW; Berger et al.]

» N-jettiness [Jouttenus, Stewart, Tackmann, WW]
» 3-loop cusp and 2-loop non-cusp anomalous dimensions
[Moch, Vermaseren, Vogt; Aybat, Dixon, Sterman; Gardi, Magnea; Becher, Neubert]
» Extract Hard NLO corrections from helicity amplitudes — this talk

» Progress in resummation with standard jet algorithms

[Banfi, Salam, Zanderighi; Becher, Neubert;Tackmann, Walsh, Zuberi; Liu, Petriello] 15/33
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Matching with Helicity Amplitudes
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Matching QCD onto SCET

Lot = Lscer + »_ Cr X Ok
k

Aqcp = Ascer = D iCk X (O)scer

k

Wilson coefficients
» Follow from matching amplitudes in full and effective theory
» Independent of IR regulator
» Depend on renormalization scheme (we use dim. reg. with MS)
» Determine the hard function H = CC*

Conclusions

[e]
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Schematic Matching At Tree Level

Consider e.g. Drell-Yan

‘ ~
= JC)VAVAV
7 ‘/
(0) 2 (0)
cD = CET

. 0
= 1Céq) X (Oqq)scET

where we normalize O4q such that (O4q é%)ET

Il
o

Examples
000000000

Conclusions
[e]

17/33
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Schematic Matching At One Loop

= %&9@\/\, f‘%@vv-l- I®V\f

/}
AD = il o+ IC(O) (Ogq)®
A(O) 1) _ icWw A© 1 1
= +AN = Gy + X1zt

Using dimensional regularization for both UV and IR
» Bare (O,5)") = 0 ~ 1/er — 1/eyy vanishes (scaleless integrals)
» Adding UV counter-term do ~ 1/eyy leaves IR divergences
» IR divergences in SCET and QCD are equal
» Works to all orders: iCqq = Aiin

18/33
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Building Blocks of SCET Operators

Collinear quark field x.,., and gluon field B,
Contains collinear Wilson lines for gauge invariance, e.g. x» = W);En
Fields have fixed large momentum carried by their labels p* = wn# /2

Sum over operators includes an integral over labels

ch O, — /Hdﬁi Cr({p:}) Or({P:})
k i

vvyVvyy

19/33
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Building Blocks of SCET Operators

Collinear quark field x.,., and gluon field B,
Contains collinear Wilson lines for gauge invariance, e.g. x» = W);En
Fields have fixed large momentum carried by their labels p* = wn# /2

Sum over operators includes an integral over labels

ch O, — /Hdﬁi Cr({p:}) Or({P:})
k i

vvyVvyy

+ -
A(1+2+3;‘4g5H) = poooooee + =y . C; X

» Textbook approach to spin unnecessary complicated:

0, = Xng,ws ¢2 Xna,ws Bn1J-,w1 * anl,wz Hs
02 = )271,3,w3 ﬁnlJ_,wl Xn4,w4 n4'Bn2_L,w2 H5

— €1
O; = Xng,ws ¢1¢2 ﬁnlJ-swl Xna,wa n4'Bn2,w2 H;

[Marcantonini, Stewart]
19/33
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Helicity Fields
» Use standard spinor representation for polarization vectors
B+ — || e —
et (p k) = LEDIRD) gy e IRT)
V2(kp) V2[kp]
» Define collinear gluon field and gg-current of definite helicity
¢ = —egu(ni, ) Bk,
o B
apB ~ Xni,—wi:t’yﬂxnj,wji

Jin = F et (s, Pj) ——
IE ® V2P Fpit)

» Resulting tree-level Feynman rules

Conclusions

[e]

(92 (p)|ByL|0) = 6°°6(i —p)  (9%(p)|BiL|0) =0

(a5 (p1) 32 (p2) | J1552|0) = §°P 6922 §(1 — p1) §(P2 — p2)
:F
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Helicity Operator Basis
Assembile helicity fields into helicity operators for each helicity configuration
(S is symmetry factor for identical particles)

Oala2"'ai—1ai'

O —10n o~ ~ ~ ~ ~ ~
(et (p13p23'"7pi—17pi7"'7pn—17pn)
( )
10 Ay —10n
= SB(llli 321 te Ji—l,li:t t Jn—l,lni
Lett = LsCET .
+ > / [1 dp: L0 (Bas - -+ s Bn) OF (07 (Brs - - - 5 Pm)
i=1

helicity
configurations

21/33
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Helicity Operator Basis

Assembile helicity fields into helicity operators for each helicity configuration
(S is symmetry factor for identical particles)

a1a2:0; 1005

A —1C%n  ~ ~ ~ ~ ~ ~
Oii...(i...i) ! (p13p23'"7pi—1api7"'7pn—17pn)
o110 Ay —10n
= SB(llli gi tee Ji—l,i:t T Jn—l,ni

Left = LscET .
+ Z /H dp; C1. 5 (P1y -+ Pn) O 57 (P1s - -+ 5 Pr)
i=1

helicity
configurations

Tree-level SCET amplitude projects out a single Wilson coefficient for given
helicity configuration

ay az QA — —Qtpy 0
(9% (p1)g%2 (P2) - - 4" (Pr—1) TS (D) | Lot|0) Sy

_ Ca1a2"'an—1an

F(m) (p19p27°"9pn—1apn)

21/33
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Color Decomposition

Conclusions

Pick a complete basis of color-singlet structures to decompose coefficients

CUoIT = Thaerenaan Oy
e.qg. TToP = (8*°)  TT* = (8*%)

,1'—1’1‘ a3 — (Tgﬂ) ,1'—1’1‘ abe — (ifabc’ dabc)

6045 6’yﬁ 9 50:,5 6‘\/5)

N
fis
Q
i)
2
=
I
—

T abas _ ((TaTb)aﬁ , (TbTa)aﬁ , tr[TaTb] 5‘13) etc ...

22/33
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Color Decomposition

Pick a complete basis of color-singlet structures to decompose coefficients

oot - Flasesranon G
e.qg. TToP = (8*°)  TT* = (8*%)

(
TTeoP = (T25)  T1e% = (i, d*™)
TTP7 = (805 0vp , Oap 0rs)
Tt abas _ ((T“T”)aﬁ, (T°T*)ap , W[T*T"] 6aﬁ) efc ...
Using the same basis as in the color decomposition of the amplitudes
Aaco(grg—+-q-qy) = Y T3 ¥ ARt 27, )
k

MS Wilson coefficients are equal to the color-ordered amplitudes to all orders

éi_..(.._)(Pl,Pz, ey Pn-1,Pn) = Ag, (17,27, nd)

22/33
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CandP

» C and P for helicity fields

P
P Bfi(pi) P = B;;(pi ) CBjL Tgﬁ C = —B?iTga
P P
P I35 (piyps) P = I35 (07 P}) cIiic=-J%
q,+a, q,+a,
g8, C B8,
J72+ - @ 'le,
/
qz!-!az qzr';az

23/33
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CandP
» C and P for helicity fields
PBY(p) P =BL ()  CBLTYC=—BLTE,
PJgi(pi,pj)P = J%?F(pf,pf) CJgiC = —Jﬁ%
q,+a, q,+a,
g, C B2,
Ji2t = @ -5
/
qzy'yaz qzr';az

» C and P of operators easily determined
aba a
> For example for 09" ) = § By, BS, J3f,
» Parity: C () = C__(_) uptoaphase
since Lorentz invariants si; = (p; + p;)* = (p} +p5)?
» Charge conjugation relates C () and C 4 (_y:

b b
COY L (P1yp23ps, pa) C = =052 (p1, P23 pas P3)
23/33
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ggqq: Basis and Matching

» Six helicity operators: » Color structures:
1
abaB _ ~ pa b af rtabaf
O++(+) 2 Bl+ B2+ J34+ T: (TaTb TbTa tr[TaTb]l)
0P =B By J5f 7
+—(+) T T4 T2 sadt

» CandP:only C, () independent

24/33
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ggqq: Basis and Matching

» Six helicity operators: » Color structures:
1
abaB _ ~ pa b af rtabaf
O++(+) 2 Bl+ B2+ J34+ T: (TaTb TbTa tr[TaTb]l)
0P =B By J5f 7
+—(+) T T4 T2 sadt

» CandP:only C, () independent
» QCD color decomposition:
A(123747) =i ) [T0OT*®]  A(c(1),0(2);3),47)
o€eSs
+ 1u[TT%] §oy0, B(1,253],47)
» Matching coefficients:
Agn (17,27 3;,45)
Ci_(+)(P1,P25P3,P4) = | Aan(27, 1+;3j{,43)
Ban (11,273 3;’,43)
and similarly for 5++(+)
24/33
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ggqq: Matching Results

» Nonvanishing tree-level helicity amplitudes

o —. —\_ 2 (23)(24)3 _ o2 VIs13 814l _i®
A©(@at,2 ’3:1'_’46 )=—2g 12y (24) (a3y(31y —29 s19 et

0) (9— . —y— 2 (23)(24)3 _o.2 813V 813 814l _i®y
A®(27,17587,45)=-20" Gy s =290 g e T

i@, _ (24) [18]14
si3=(pi+Pp;)*=2pi'p; , et =<[24]) /—[|51]3E51]4|

» Pull out convention-dependent overall phase

Conclusions

[e]
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ggqq: Matching Results

» Nonvanishing tree-level helicity amplitudes

o -, —y— 2 (23)20)3 2 /Is1z s1al _i®y _
A @at,2 ’3:1'_’46 )=—2g 12y (24) (a3y(31y —29 s19 et
0) (9— . —y— 2 (23)(24)3 _o.2 813V 813 814l _i®y
A (2 ’1+’3j’46 )=—2g 31y (14) a8y (32) — 29 s12 514 et
i®, 24 13][14
si5=(Pi+p;)*=2ps"Pj evt-= <[24]) /—[|51]3E 51]4|

» Pull out convention-dependent overall phase
» One-loop helicity amplitudes were calculated by [kunszt, Signer, Trocsanyi]

At 27581 ,47)=A@ 22 [~ 3 (Ca+Cr)+1 (2CF L12+2Ca L1s—3Cr—f0)] ,

— 2 2
AR (% 27538 47)=A® 52 { Ca (~ L3+ L3210 414 T8 ) 1O (~LLa 43112847

+(CA_CF) — (L§2/13+7T2)}

s14

L;j=In(— jj,_z‘ —i0) Lijiu=Lij—Li

» Cross check: IR divergences equal in QCD and SCET
A (1t,27538,47)

div
% _elz(CA'i‘CF)"'% (_:@0_3CF+2A99 q(?(“2)):| C-"_(,_Ol(+)= A((i];\),(27 a1+§3ja4g)
A . . . B{@at,27531,47)
Aggqq = anomalous dim. mixing matrix “ T
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ggqq: Hard Function

doy = / daz,dxy / d®; > u[HF S5 Q[Br, Br,Jw, Ji.]
P

“~~ color trace
parton types

799499 __ o) oi|
H2 = Z C}\l)\z()\3)C>\1)\2()‘3)
)\1 ,)\2 7>‘3

v

Calculate: C 4y and Cy (4

v

Identical partiCIeS: 5_+(+) (p]_, P2, D3, p4) = Vé+_(+) (pz, P1, D3, p4)
Charge conjug.: é++(—)(p1ap2,p3ap4) = —Vé++(+)(P1aP2aP4aP3)
Parity gives remaining 6__(+) = 5++(_) etc.

v

v

~,

V =

(=0 =]

10
00 (interchanging color structures)
01
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ggqq: Soft Function

doy = / dxoday / A®; > u[HF S5 Q[Be, BuyJw, ]
. ——

K
~~  color trace
parton types

» Soft function is matrix in color space
» At tree-level, soft function has no emissions,

bi-BNaian 1 = gbrar ... §BNan — Z Jaroaniar-an
_ A1yeeey XN
E.g. for ggqq
2C 2Cr — C 1
CjchF F F A
1gg qq = T 2CF _— CA ZCF C:!_
1 1 A
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ggqq: Soft Function

doy = / dxoday / A®; > u[HF S5 Q[Be, BuyJw, ]
. ——

K
~~  color trace
parton types

» Soft function is matrix in color space
» At tree-level, soft function has no emissions,
bi-BNaian 1 = gbrar ... §BNan — Z Jaroaniar-an
_ A1yeeey LN
E.g. for ggqq
2C 2Cr — C 1
CaiC F F A
lygas = —F (2cp—Ca 20k 1
2 1 1 Ca

» The N-jet soft function at NLO:
» Jet angularities of cone-jets [Elis, Hornig, Lee, Vermilion, Walsh]
» IN-Jettiness [Jouttenus, Stewart, Tackmann, WW]
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gggg H : Basis

» Five helicity operators: » Six color structures:
1 —.
abed _ a b c d tabed
OYity = 41 BBz B3 By Hs T
1 = (1(tr[abcd] + tr[dcbal), . . .
abed _ a b c d 2
o = 3 BY, B, B;, By Hs

tr[ab] trfed], . . )
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Conclusions

[e]

» Five helicity operators: » Six color structures:
ot = LBy By Bl T
Oibfi_ _ %Bﬂ_Bg_‘_Bg_‘_Bg_Hs = (%(tr[abcd] + tr[dcbal), . ..
tr[ab] trfed], )
» Parity: Gy, =C____andC,,,_ = C___, uptoaphase

» Under charge conjugation

abed Sabed _ abed Hdcba
C 0)\1)\2)\3)\4 T C - O)\1)\2)\3)\4T

trlabed] — tr[debal] is thus not allowed
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gggg H : Basis

A(11t2T31475y) =

» Five helicity operators: » Six color structures:
ot = LBy By Bl T
Oibfif _ %Bf+Bg+B§+Bng5 = (%(tr[abcd] + tr[dcbal), . ..
tr[ab] trfed], )
» Parity: Gy, =C____andC,,,_ = C___, uptoaphase

» Under charge conjugation

abed Sabed _ abed Hdcba
C 0)\1)\2)\3)\4 T C - 0)\1)\2)\3)\4T

trlabed] — tr[deba] is thus not allowed
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ggggH : Intrinsic phases
» QCD partial amplitudes
A(1234)=i 20654/24“[0'6(1)06(2)‘16(3)ac(4)]A(‘7(1)»”(2)70(3)70(4))
2 oes,/28 o) o @]tlas(3) a0 )] B (0(1)’0(2)30(3),0(4))
» Matching coefficients are 24a,(11,21,37,47)

Ciq = -
++ (P1,P2,P3,Pa) Ban(11,21,37,47)
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ggggH : Intrinsic phases
» QCD partial amplitudes
A(1234)=i Zaes4/z4‘r[%(1>%<2>%<3>aa<4)]A(0(1)70(2)70(3),0(4))
2 oes,/28 o) o @]tlas(3) a0 )] B (0(1)’0(2)30(3),0(4))
» Matching coefficients are 24a,(11,21,37,47)

Chp = :
++ (P1,P2,P3,Pa) Ban(11,21,37,47)

» Tree-level helicity amplitudes calculated by [Kauffmann, Desai, Risal]

o 1214 34)4
A® (1+,2+ 37,4736 0) =2 | rardifeaa + e |
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ggggH : Intrinsic phases
» QCD partial amplitudes
A(1234)=i Zaes4/z4‘f[%(1>%(2>%<3>aa<4)]A(0(1)70(2)70(3),0(4))
2 oes,/28 o) o @]tlas(3) a0 )] B (0(1)’0(2)30(3),0(4))
» Matching coefficients are 24a,(11,21,37,47)

Chp = -
++ (P1,P2,P3,Pa) Ban(11,21,37,47)

» Tree-level helicity amplitudes calculated by [Kauffmann, Desai, Risal]

2 2
AO (1F 2% 37 47 :5,)=2 [¢+e—2i¢2 %74} i
V/ls12523834514l Vs12523534514]

» Two independent intrinsic phases:

ei¢1 _ <13><24> \/ |812834| ei¢2 _ <14><23> \/ |812834|
(12)(34) V/|813824| (12)(34) V/[814823]

» Independent of phase conventions
» ¢; can be written in terms of s;; and €., 0 P4 Py DEPT
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pp — Hj: Basis and Matching
» Eight helicity operators: » Color structures:

1
abe __ a b c
0%, = o BY, B}, B;, H,

Tebe = (ifebe) , TP = (T2,)

Oi?f) =B J2a3f1 H, > Cand P:only Cy 4+, Cy (4 indep.
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pp — Hj: Basis and Matching

» Eight helicity operators: » Color structures:
Oabc _ i B2 Bb B¢ H4
- 1 2 3 — —
+++ 3! + + + TTa,bc — (ifabC) ,TTa aB _ (ng)
Oi‘(’f) =By, J;"Si H, » Cand P:only C, |+, C (4 indep.

» Matching coefficients:
Ci 1+ (P1,p23P3,Pa) = (Aan(1H, 2153, 45))

_(a %
= (E ey T O(as))

» NLO matching coefficients known [schmidt]
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pp — Hj: Jet Mass Spectrum

» Calculate jet mass of IN-jettiness jets [Jouttenus, Stewart, Tackmann, WW]

doH+1i - : .
= /da:adacb/d<1>2 > H$SS @ [By,Br,Jw]
my . . P
N~
parton types
Shape of jet region: Good perturbative convergence:
] A B A AR R AR AR H 0015+ -+ v v
[ — geometric R=1 /2 \ ] = [ Y=0, 73=0, p}=300 GeV, 7%= 25 GeV |
§ L gg—Hg, Geometric R=1 ]
g 00101 B NNLL ]
& - E=:NLL |
= r < LL ]
£ 0.005- ]
8 [ o ]
I . e Ty T ]
¥ i © H g
r 1 | T T P L
B e T e e 0.0007G 50 100 150 200
n m; [GeV]
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pp — Hj: Jet Mass Spectrum

dd-/dmy [normalized]

0.015

0.010

o
&

é

Resumming Jet Cross Sections in SCET
0000000

Study kinematics:

|
Y=0, p}=300 GeV, T*=25GeV |
pp—H+1j, Geometric R=1, NNLL -

—n=0 )
N ——-7]320.5
\."."" ngl _

150

50

L 1
100 200

m; [GeV]

Matching with Helicity Amplitudes

00000000

dé/dm;y [normalized]

Examples
000000008

Comparison with Pythia:

Conclusions
[e]

L B A
' gg~Hg, R=1, Pythia 500=p}<600 GeV

0.0101 NNLL: Y=0, 75=0, p}=550 GeV, 7=25 Gev n

[ ik ,

0.005— —

[ B NNLL 7

T Pythia anti—ky ]

[ — —- PythiaCA i

| Cl e e

0.000 0 50 150 200

m;y [GeV]

» Working on pp — Zj and pp — jj as well
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Conclusions

Tools to combine generic NLO with NNLL resummation are available
» Natural next step beyond NLO + LL parton showers
» This is precisely what SCET is designed to do
» At NNLL the choice of jet definition is important — N -jettiness

We introduce a helicity operator basis such that

AgSD(1+2 ’I’L ) - Cal.. .._)(pla 0 7pn) J

» Individual color-ordered amplitudes are needed, not just their sum

» Using resummation, virtual amplitudes can be used to get physical cross
sections without expensive integrations over real emissions
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Conclusions

Tools to combine generic NLO with NNLL resummation are available
» Natural next step beyond NLO + LL parton showers
» This is precisely what SCET is designed to do
» At NNLL the choice of jet definition is important — N -jettiness

We introduce a helicity operator basis such that

AgSD(1+2 ’I’L ) - Cal.. .._)(pla 0 7pn) J

» Individual color-ordered amplitudes are needed, not just their sum

» Using resummation, virtual amplitudes can be used to get physical cross
sections without expensive integrations over real emissions

Thank you
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